Abstract Emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera: Buprestidae), is an aggressive invader from Asia that has killed millions of trees in North America, causing substantial ecosystem effects and economic losses. All North American ash, Fraxinus spp., are thought to be susceptible, but recently emerald ash borer has been documented developing in a novel host, white fringetree, Chionanthus virginicus. We evaluated larval performance in two common ash species and white fringetree by infesting bolts with emerald ash borer eggs. In addition we evaluated cambial nitrogen, carbon, carbon:nitrogen, stem density, and response to artificial wounding, to determine which host plant characteristics most influence larval development. We also conducted choice and no choice assays using the classical biological control agent, Tetrastichus planipennisi Yang (Hymenoptera: Eulophidae), to assess its ability to locate larval emerald ash borer in the different host plants. We found significantly lower survival rates of emerald ash borer larvae in white fringetree compared to white ash, F. americana. Larval phloem consumption and larval growth were lower in fringetree than in either white or blue ash, F. quadrangulata. Carbon content and density were greater in fringetree than in either ash species. Response to wounding, measured by callus tissue formation, was greatest in white ash. In choice assays, T. planipennisi only parasitized emerald ash borer larvae in ash bolts, and in no-choice tests failed to parasitize larvae in fringetree. Our findings corroborate studies showing that fringetree is a suitable host for emerald ash borer larvae. Failure of T. planipennisi to parasitize larvae within fringetree has implications for the efficacy of this classical biological control agent in regulating emerald ash borer populations. Coupled with the use of white fringetree as a reservoir host, the enemy free space provided to emerald ash borer through use of this alternate host may have significant repercussions for emerald ash borer invasion dynamics.
interactions (Huston 1997; Davis et al. 2005) , and also influence trophic relations (Jeffries and Lawton 1984; Hunter and Price 1992; Stamp 2001; Wisz et al. 2013) . Fluctuating resources and natural enemies both influence invasiveness and have emerged as prominent hypotheses in invasion ecology. Freed from the constraints of population regulation imposed by limited resources (Davis et al. 2000; Davis and Pelsor 2001) and natural enemies (Jeffries and Lawton 1984) , invading organisms are subsequently able to persist in, or even increase, their geographic range. In contrast, the abiotic constraints dictating community structure and acting on a newly arriving non-native species are often similar between donor and recipient regions (Elton 1958; Ruiz et al. 2000; Richardson and Pyšek 2006) . Host range expansion or host switching is one mechanism that may allow introduced organisms to overcome these abiotic constraints. Host range expansion can buffer the depletion of optimal host material (Sax et al. 2007 ) and contribute to enemy free space (Gratton and Welter 1999; Drake 2003; Murphy 2004) , ultimately leading to increases in population growth and potentially to geographic range expansion (Crowl et al. 2008) .
Since its introduction to North America in the mid1990s (Haack et al. 2002; Siegert et al. 2014) , emerald ash borer (Agrilus planiplennis Fairmaire, EAB) has established in much of the eastern portion of the United States, and has invaded several states west of the Mississippi River USDA APHIS MAP 2018) , causing extensive mortality and loss of ash (Fraxinus spp.). The ash borer larva develops underneath the bark of the host, consuming cambial tissue before pupating and emerging as an adult (Cappaert et al. 2005) . Ash species native to eastern North America show little to no resistance to the borer (Rebek et al. 2008) , and endemic natural enemies are unable to sufficiently curtail population growth (Duan et al. 2009 . As a result, EAB infestation leads to ash mortality in 1-4 years by effectively girdling the tree (Rebek et al. 2008; Klooster et al. 2014) . Invasion by EAB has led to a widespread loss of native ash species in urban and wildland forests, altering forest composition and structure (Flower et al. 2013; Levin-Nielsen and Rieske 2015; Klooster et al. 2014) , affecting native biodiversity (Lindell et al. 2008; Gandhi and Herms 2010; Perry and Herms 2016) and trophic relationships Davidson and Rieske 2015; Savage and Rieske 2018) . Widespread ash mortality impacts management plans (Looney et al. 2017 ) and restoration efforts (Burr and McCullough 2014) , and causes extraordinary economic losses (Klooster et al. 2014; Herms and McCullough 2014) .
Systemic insecticides can kill EAB (Smitley et al. 2010) , but the prevalence and extent of ash in urban and wildland forests makes this management approach impractical. Because native parasitoids are unable to effectively suppress EAB, a concerted effort was made to identify classical biological control agents for importation to help regulate populations (Liu et al. 2003) . Of those classical biological control agents, Tetrastichus planipennisi (Hymenoptera: Eulophidae) has been the most effective at establishing and dispersing from release sites Jennings et al. 2016) . Tens of thousands of T. planipennisi have been released for EAB management in central Kentucky forests and urban areas (Davidson and Rieske 2016; Graziosi and Rieske 2017) . Host finding by T. planipennisi appears reliant on vibrational cues Chen et al. 2015) , whereas olfactory cues appear less important (Chen et al. 2015) . But the effectiveness of T. planipennisi in regulating EAB populations is limited by its short ovipositor and inability to penetrate thick bark of larger trees , and an apparent phenological asynchrony in portions of EAB's invaded range (Duan et al. 2014 .
Host range studies following EAB's initial discovery suggested that all North American ash species were susceptible, and that EAB development in North America would be confined to Fraxinus species (Anulewicz et al. 2008; Rebek et al. 2008; Lyons et al. 2009 ). Although North American blue ash (F. quadrangulata) appears to possess some resistance (Tanis and McCullough 2012; Spei and Kashian 2017) , it lacks the level of resistance found in Manchurian ash (F. mandshurica), the co-evolved ancestral host of EAB Peterson et al. 2015) . In the initial host range studies, other common members of the Oleaceae were evaluated, deemed unsuitable, and determined to be of no concern in the invasion dynamics of EAB in North America (Anulewicz et al. 2008; Lyons et al. 2009) .
Surprisingly, in 2015 EAB was reported completing its development on another Oleaceous host, white fringetree (Chionanthus virginicus), in south-central Ohio (Cipollini 2015) . Utilization of this novel host appears to have co-occurred with the initial EAB invasion in central Ohio (Thiemann et al. 2016 ) but went unnoticed. Following the initial detection of EAB in white fringetree in Ohio, EAB was soon discovered on fringetree in other areas including Lexington, KY. In spring of 2016 an adult beetle was recovered emerging from plant material collected in fall 2015 on the University of Kentucky campus.
White fringetree is a small tree or shrub with showy white flowers, native to the southeastern United States (Missouri Botanical Garden 2017). Horticultural varieties are widely planted as ornamentals throughout much of the range of North American Fraxinus, and in many areas where EAB has already invaded (USDA APHIS Map 2018). Interestingly, C. retusus, an Asian congeneric of C. virginicus that shares an ancestral native range with EAB, is resistant to the beetle (Cipollini and Rigsby 2015) . Cipollini and Rigsby (2015) determined that EAB is able to complete its life cycle from egg to adult on white fringetree. However, a full understanding of how this novel host impacts EAB development, how the novel host will affect efficacy of biological control agents, and what the consequences will be for EAB invasion dynamics in North America is lacking. Therefore, we compared host utilization by EAB of two common ash species, white and blue, F. americana and F. quadrangulata, respectively, with white fringetree, and evaluated plant characteristics that could contribute to differences in host suitability (Bernays and Chapman1994) . Secondly, we evaluated the ability of T. planipennisi to locate and utilize EAB within white fringetree, and further evaluated parasitoid responses to olfactory and visual stimuli associated with both ash and fringetree. Because T. planipennisi is reliant primarily on vibrational cues to locate its EAB host within infested ash , we hypothesized that the novel host plant would compromise EAB location by T. planipennisi and contribute to enemy free space for EAB populations, with potential consequences for the EAB invasion.
Methods

EAB development
Two stems of white ash, two of blue ash, and four of white fringetree were harvested on June 21, 2016 from trees in Fayette Co. KY for bioassays to compare EAB larval survival, growth, and cambial tissue consumption. Upon removal, stems were placed immediately in tap water to limit desiccation, and in the laboratory they were sectioned into 30 cm lengths and labeled. Stems with signs of emerald ash borer or other damage were discarded. Since stems varied in diameter (2-5 cm) both within and between species, bolts of each species were grouped into large ([ 3.5 cm) and small (B 3.5 cm) size classes.
Twenty-four hours later, five EAB eggs attached to pieces of paper coffee filters (Kroger, Cincinnati OH) were evenly spaced along the length of each experimental bolt approximately 5 cm from one end, and secured using 2.5 cm wide strips of parafilm (Bernis NA, Neenah, WI) (Duan et al. 2013a, b) . One comparably sized bolt of each species (white ash, blue ash, and white fringetree) infested with five EAB eggs was randomly selected and placed in 4 cm of sand moistened with tap water in 13.5 9 13.5 9 30 cm transparent plastic containers (OXO, NY, NY) and covered with fine mesh secured by a rubber band. There was one bolt of each species infested with five EAB eggs in each container, for a total of 39 bolts in 13 containers (N = 195 eggs). Assay containers were maintained in a growth chamber at 25°C and 15:9 L:D.
After 6 weeks, each bolt was carefully debarked using a knife and the fate of each individual EAB larva was recorded. All living EAB larvae were collected and aged by measuring head capsule width (Wang et al. 2005) . Larval galleries were measured by wrapping each experimental bolt in translucent plastic and tracing over the galleries with a black marker. Gallery tracings were digitally photographed and ImageJ (Rasband NIH 1997 software was used to calculate the total area of cambial tissue consumed on each bolt.
Host plant characteristics
Host characteristics that may affect host suitability for EAB were assessed by evaluating nitrogen and carbon content of the cambium. For nitrogen and carbon analysis, three samples were collected from six trees of white ash and fringetree, and four trees of blue ash using a 10 mm cork borer to penetrate through the bark, removing a plug of tissue. Bark was removed from sample plugs using a razor blade, leaving only cambial tissue which was then weighed, dried at 40°C for 3 days, and analyzed using a combustion assay (Flash Elemental Analyzer 1112 Thermo Fisher Scientific Inc., Waltham, MA).
We also assessed plant characteristics that may affect parasite host location, focusing on those that are most likely to influence vibratory cues thought to be relevant to T. planipennisi . To evaluate wood density (density = mass Á volume -1 ), four stems of similar diameter of each species were sectioned into 3 cm pieces. To quantify the volume of each 3 cm section (N = 12 per species), the amount of water displaced in a 100 mL beaker per section was used to determine total volume using Archimedes Principle (V object = mass of water displaced, given Density H2O = 1.0). Samples were dried at 45°C for 24 h. Mass was then measured (Mettler Toledo AB204) and divided by volume to calculate density for each stem section.
Host plant response to wounding
Host response to wounding in situ was simulated by measuring callus tissue formation following mechanical wounding using a 1 cm diameter cork borer and hammer (Dunn et al. 1990 ). Six stems of white ash and fringetree, and four of blue ash were selected at sites in Fayette Co., KY, and three wounds were made through the bark and into the cambial and phloem tissues at a height of 1 m around the stem circumference, separated by 120°. Wounds were then digitally photographed with a 12-megapixel camera at a distance of 10 cm at 4 week intervals from April through October to document the size of the open wound and the amount of callus tissue formed. Photographs of the wounds and associated callus tissue formation were quantified using ImageJ (Rasband NIH 1997 , and compared within and between plant species.
Host plant effects on a classical biological control agent
Choice test: Bolts of white ash, blue ash, and white fringetree similar in diameter were infested with EAB as described above under 'EAB Development,' and one bolt of each species were placed in 13.5 9 13.5 9 30 cm assay containers (N = 6). After 5 weeks in a growth chamber at 25°C and 15:9 L:D to allow for adequate EAB larval development, four mated female T. planipennisi were introduced into each assay container, which were placed in a growth chamber at 25°C and 14:10 L:D. After 6 days, the wasps were removed and bolts were held at 25°C for an additional 21 days to allow for maturation of parasitoid larvae. The bolts were then debarked to quantify parasitization, and all intact larvae of EAB were measured.
No-choice test: Nine white fringetree were located in Lexington KY, and three stems of each were inoculated with eight EAB eggs as described above. In the field, eggs were covered with fine mesh secured with duct tape to prevent predation. After 6 weeks to allow EAB egg hatch and larval development, cages of fine mesh were built around each intact, infested stem, and two mated female T. planipennisi were introduced. Females were fed a diluted honey mixture every * 48 h. Assays were monitored for 21 days, after which the stems were cut and surviving female wasps were collected. Stems were debarked, larvae measured, and all mortality of larvae recorded.
Responses to olfactory and visual cues
Olfactory and visually-mediated responses of T. planipennisi were evaluated using a glass Y-tube olfactometer approximately 27 cm in length with a 2.25 cm diameter central stem and 2.5 cm diameter arms, in combination with excised plant material and EAB larvae (Graziosi and Rieske 2013) . Air was pumped through activated charcoal, a HEPA-CAP 36 microfiber filter (Whatman: Clifton NJ, USA), and deionized water at a rate of 0.05 L/Min, before being introduced to the odor sources. The Y-tube setup was contained in a box which minimized ambient light and provided a steady even light source from two 15 W fluorescent bulbs. Ambient temperature was raised to 27°C with the inclusion of a heating pad (K ? H Manufacturing, Colorado Springs, CO). Female T.
planipennisi were obtained from a USDA APHIS rearing facility via overnight shipment, then placed into transparent containers with honey until use. For each trial a naive T. planipennisi female was introduced to the system and allowed 10 min to make a choice by moving at least 3 cm up one arm; each completed set consisted of 20 female wasps that made a definitive choice. Used wasps were discarded after trials were completed and all trials were run between 0800 and 1700 h EDT from November 2017 to February 2018. Y-tubes were switched out after every trial and washed in acetone and dried completely before reuse. Wasps were introduced to the system via a central stem. Tissue samples and blanks within the system were also changed with respect to location on a regular basis.
The olfactory stimuli used were excised stem tissue from green ash, F. pennsylvanica, excised stem tissue from white fringetree, or EAB larvae that had been removed from white ash and rinsed in deionized water. All materials were collected in Lexington, KY on the morning of the assay. Each of these olfactory stimuli was evaluated against a blank in separate assays.
Visual stimuli consisted of ash leaves collected daily from greenhouse-grown green or tropical ash (F. uhdei). Visual stimuli were placed along the outside wall of the Y-tube so that they were in a clear line of site and visible from the central stem, but not visible from the opposite arm, which contained no scent cues.
Olfactory stimuli of excised ash and fringetree stems were combined with the visual stimuli of ash leaves against a blank. Due to limitations in tissue availability, tropical ash leaves were combined with green ash, and a separate assay combined the visual cue with fringetree tissue. A trial was considered complete when 20 female wasps had made a choice.
Statistical analyses
Emerald ash borer egg hatch, larval survival, larval development (as measured by head capsule width), and EAB host utilization (cambium consumption) were evaluated using a 1-way randomized analysis of variance (Proc GLMMIX, SAS 9.3) to assess the effects of host plant (white ash, blue ash, white fringetree), tree, and bolt. When significant, a TukeyKramer test was used to evaluate differences among means.
To evaluate cambial carbon and nitrogen content and stem density as measures of host suitability among tree species, the mean of three values was calculated for each tree and a one-way ANOVA was performed to evaluate differences. A Tukey-Kramer test was performed to evaluate differences between means. Host plant response to wounding was analyzed by comparing wounds and callus tissue formation over time, and examining simple effects of species at each time point. Tukey-Kramer tests were employed for multiple comparisons. Because EAB parasitization in both the choice and no-choice assays was low, rates were not evaluated statistically. Parasitoid responses to olfactory and visual stimuli were assessed using a Chi squared analysis, assuming an expected outcome of 50% for each choice.
Results
EAB egg hatch was approximately 60% and did not differ between the three tree species (white ash = 61.5 ± 4.8; blue ash = 56.9 ± 5.5; fringetree = 63.1 ± 3.8). However, larval survival was greatest on white ash and lowest on fringetree; blue ash was intermediate and did not differ between the two (Fig. 1a) . Larval growth, as measured by head capsule width, was greater for EAB reared from Fraxinus compared to those reared from Chionanthus, but there was no difference in larval growth between the two ash species (Fig. 1b) . Similarly, cambium consumption was lowest for EAB reared on Chionanthus (Fig. 2) but the ash species did not differ from one another.
Carbon content in the cambium differed among the three tree species, and was highest in fringetree and lowest in blue ash (Table 1 ), but neither nitrogen or C:N differed among the three. Wood density was also highest in fringetree (Table 1) , with no difference between the two ash species.
There was no difference among the three species in their responses to wounding, as measured by callus tissue formation, 4 weeks following the wounding event (Fig. 3) . However, the rate of callus tissue formation in blue ash and fringetree began increasing relative to white ash, and by week 8 callus tissue formation in white ash diverged significantly from that of blue ash and fringetree. Formation of callus tissue in white fringetree differed from white ash at 8, 12, and 16 weeks, with blue ash values not significantly different from white fringetree.
In the choice assay with T. planipennis, 33% (6 of 18) of the bolts available with EAB larvae were parasitized. All EAB parasitization occurred in Fraxinus, with 80% occurring in blue ash, 20% in white ash, and none in white fringetree. In the no choice assay there were no signs of EAB parasitism in fringetree. Although EAB larval mortality was extremely high (85%), all larvae recovered were at the critical 3rd or 4th instar, when they are highly susceptible to T. planipennisi parasitization . Regardless, the parasitization rate of EAB in white fringetree was zero.
In our assessment of olfactory and visual responses, T. planipennisi females responded positively to ash tissue odor combined with an ash leaf visual cue, though the response was only weakly significant (P = 0.07). Tetrastichus planipennisi did not respond positively to ash tissue alone, the visual cue alone, an EAB larva, or fringetree tissue alone. Interestingly, a combination of fringetree odor with a visual cue of ash leaves yielded a strong preference for the blank control (Fig. 4) , suggesting repellency.
Discussion
Adaptations to exploit additional host plants is just one mechanism whereby an insect herbivore can increase its invasibility. Host range expansion potentially increases the abundance and/or prevalence of available host material, which in turn increases the likelihood of geographic range expansion (Sax et al. 2007 ). An additional mechanism by which non-native organisms increase their invasiveness is by creating or exploiting enemy free space (Gratton and Welter 1999) . The extent to which an increase in host options coupled with creation of enemy free space might influence the EAB invasion remains unknown.
We evaluated EAB utilization of white fringetree in the context of its effectiveness as a larval host plant and to evaluate its influence on enemy free space, focusing on T. planipennisi, a central component of classical biological control efforts. We sought to more Fig. 2 Phloem consumption by emerald ash borer larvae in artificially infested bolts of white ash, blue ash, and fringetree (N = 13) after 35 days [F 2,22 = 6.54, P \0.01]. Means followed by the same letter do not differ (a = 0.05) fully understand the relationship between EAB and its novel white fringetree host, and to determine whether T. planipennisi can locate and utilize larval EAB developing in fringetree relative to those developing in ash hosts. Ultimately our goal is to evaluate how expansion of the host range through utilization of white fringetree may affect EAB invasion dynamics in eastern North America.
We found that EAB developing in white fringetree has lower survival, slower development (head capsule width), and lower consumption than EAB reared in Fraxinus hosts, corroborating similar studies (Cipollini and Rigsby 2015) , and equate these findings to nutritional and physical attributes of the host plants. Insect growth is closely tied to the nitrogen content of host material (Mattson 1980) . Our analyses of N and C:N ratios from within cambial tissue suggest that nitrogen is unlikely to be contributing to the differences we observed in insect performance, since neither N or C:N levels differed among the three hosts tested.
Our analysis did demonstrate, however, that white fringetree contains higher levels of carbon in its cambial tissue, has greater stem density, and also has a more rapid response to wounding than does the highly preferred white ash, all of which could contribute to EAB's relatively poor performance in white fringetree. Higher overall stem density and a rapid response to wounding could potentially impede gallery formation and slow larval development. Studies on the closely related bronze birch borer, A. anxius Gory, a specialist on birch, Betula spp., with a life history and feeding habits similar to EAB (Muilenburg and Herms 2012) , have shown that rapid wound responses in hosts slows larval feeding (Muilenburg et al. 2013) . These studies also suggest that a rapid wound response could help hosts encapsulate feeding larvae, thus leading to failed emergence and insect mortality (Miller et al. 1991; Muilenburg et al. 2013) . The higher stem density and more rapid wound response in white fringetree could act as defense mechanisms against EAB. Rapid response to wounding equates to faster plant growth and may aid in defending plants, in lieu of metabolically expensive chemical defenses (Loehle 1988) . Chemical defenses may also play a role. Fraxinus spp. are rich in constitutive and induced phenolic defenses (Villari et al. 2015) which may affect insect development. While minor differences in chemical defenses are apparent in North American ash, they share a number of defensive compounds. With the exception of blue ash, all North American ash are classified as highly susceptible to EAB. To date there has been no research on defensive chemistry of white fringetree; clearly this warrants further investigation (Cipollini et al. 2011; Hill et al. 2012; Villari et al. 2015) .
Parasitoids form the basis of the classical biological control program for EAB in North America . Parasitoids require input from multiple sensory systems to locate their hosts, and they use various cues to locate cryptic hosts in situations where they would otherwise remain hidden (Vinson 1976; Vinson and Williams 1991) . Such is the case for parasitoids locating host insects feeding within novel host plants. While olfactory cues may be involved, tactile and vibratory cues are likely the most significant for T. planipennisi locating EAB larvae feeding in ash Chen et al. 2015) . Stem density is greater in fringetree relative to ash, which could affect tactile and vibratory properties of the plant; this in turn could present significant barriers for T. planipennisi host seeking behavior (Meyhöfer and Casas 1999) . Tetrastichus planipennisi has successfully established and readily disperses from release points (Duan et al. 2013a, b) , and shows promise in regulating EAB populations in regenerating forests following extensive EAB-induced ash mortality (Margulies et al. 2017 ). However, our findings suggest that the efficacy of T. planipennisi in EAB-infested white fringetree is questionable. Tetrastichus planipennisi appears unable to recognize EAB larvae within fringetree, suggesting that creation of enemy free space may be one mechanism by which utilization of white fringetree could facilitate EAB's range expansion into new hosts. This release from a key population regulator could allow EAB to further exploit this novel host, and further complicate future management efforts in North America. Clearly additional work is needed to determine how EAB's use of white fringetree might affect the efficacy of other classical biological control agents.
We confirm previous findings that white fringetree is a novel, yet suboptimal, host for EAB (Cipollini 2015; Cipollini and Rigsby 2015) , and suggest potential mechanisms that may be at play. The relatively high survival of EAB on white fringetree in the laboratory (* 65%, see Fig. 1a) suggests that it will not function as a dead-end host for EAB populations, but may provide an exploitable alternative host source. Given its ability to complete development from egg to adult, EAB has gained a reservoir host (Crowl et al. 2008 ) that may play a role in its invasion dynamics in North America by freeing it from dwindling ash hosts and availability of suitable host material. Our data suggest that by adopting and utilizing this novel host, EAB may reduce pressure from a notable natural enemy, further contributing to its invasibility. Our results confirm that T. planipennisi is not attracted solely to ash phloem odors . Our data suggest that a combination of odor and visual cues may be important in host location for T. planipennisi. Interestingly, the combination of fringetree olfactory cues and visual stimuli that seemingly generate repellency of T. planipennisi to white fringetree support our observed lack of EAB parasitization within this novel host plant. These findings are puzzling and clearly warrant further investigation.
The invasion of North America by EAB is unprecedented in scope and magnitude , and continues to grow in complexity. Our study elucidates how expansion of its host range seemingly generates further enemy free space, contributing to EAB's invasiveness and altering previous management plans. Additionally, yet another oleacous plant, olive, Olea spp., has been added to an expanding host list for EAB (Cipollini et al. 2017) raising concerns about the far-reaching implications of this invasive pest. Furthermore, an Asian conspecific of EAB, A. smaragdifons Ganglbauer has reportedly established in eastern North America (Hoebeke et al. 2017) . These confounding factors are likely to further contribute to the economic and ecological costs associated with the EAB invasion in North America and perhaps globally.
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